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Reversible magnetic reconnection is demonstrated
for the first time by means of gyrokinetic numerical sim-
ulations of a collisionless magnetized plasma. Growth of
a current-driven instability in a sheared magnetic field is
accompanied by magnetic reconnection due to electron
inertia effects. Following the instability growth, the colli-
sionless reconnection is accelerated with development of
a cross-shaped structure of current density, and then all
field lines are reconnected. The fully reconnected state
is followed by the secondary reconnection resulting in
a weakly turbulent state. A time-reversed simulation
starting from the turbulent state manifests that the col-
lisionless reconnection process proceeds inversely leading
to the initial state. During the reversed reconnection, the
kinetic energy is reconverted into the original magnetic
field energy. In order to understand the stability of re-
versed process, an external perturbation is added to the
fully reconnected state, and it is found that the acceler-
ated reconnection is reversible when the deviation of the
E×B streamlines due to the perturbation is comparable
with or smaller than a current layer width 1).
Magnetic reconnection is considered to be a key
mechanism causing conversion of magnetic energy into
kinetic energy in laboratory and space plasmas. In mag-
netic fusion and solar corona, plasmas are subjected to
an ambient magnetic field (so-called guide field), and are
strongly magnetized. Studying the property of collision-
less magnetic reconnection may help to understand a de-
tailed mechanism of the sawtooth crash in the toroidal
magnetic fusion experiments, where the q = 1 surface
(q means the safety factor) is often recovered after the
crash. The study may also be helpful for understand-
ing magnetic perturbations which may affect zonal flows
regulating turbulent transport.
In this work, time-reversible magnetic reconnection
is demonstrated by means of the collisionless gyrokinetic
simulations. First, we have presented the time-forwarded
simulation starting from a sheared magnetic field with a
small initial perturbation, where a current-driven insta-
bility grows with magnetic reconnection caused by elec-
tron inertia effects. The reconnection speed is acceler-
ated when a cross-shaped structure of current density ap-
pears. Then, all field lines are reconnected (Top frames
in Fig. 1). This process is similar to that observed in the
previous numerical studies by fluid and gyrokinetic sim-
ulations . Even in the fully reconnected state, a strong
E×B flow remains, and causes the secondary magnetic
reconnection. Then, the system reaches a weakly turbu-
lent state where a horizontal magnetic field normal to the
initial field is dominant. In the weakly turbulent state
following the fully reconnected one, we stopped the sim-
ulation, and stored the numerical data. Then, the time-
reversed simulation is started from the saved data and by
changing the time-step from ∆t to −∆t, where the recon-
nection process described above is retraced. The recon-
nected magnetic field lines and the deformed distribution
function in the velocity space return to their initial pro-
files in the time-reversed reconnection with reconversion
of the kinetic energy to the magnetic one (Bottom frames
in Fig. 1).
Stability of the time-reversed reconnection is exam-
ined by adding perturbations to the restart data used in
the time-reversed simulation. The accelerated reconnec-
tion, which occurs before reaching the fully reconnected
state in the time-forwarded simulation, is time-reversible
with the transformation of the kinetic energy to the mag-
netic energy, when the perturbations are small. It is
found that the deviation of an E×B flow streamlines
through the reconnection region provides a measure of
the threshold for the external perturbation preventing
the reversible reconnection. When the deviation is com-
parable with or smaller than the current layer width, the
accelerated reconnection with the cross-shaped current
structure is reversible.
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Fig. 1: Magnetic field lines projected on the reconnec-
tion plane. Time is reversed at t = t∗ = 1860. When
time goes forward (back), time is denoted by t (t∗) in the
following figures. The arrows in the frames at t = 1800
and t∗ = 1800 show the direction of E×B flow.
1) A. Ishizawa and T.-H. Watanabe, Phys. Plasmas 20,
102116 (2014).
Magnetic reconnection is a natural energy con-
verter, releasing explosively the magnetic ﬁeld energy
into plasma kinetic energy. It is a typical multi-scale
phenomenon where the magnetic dissipation takes place
predominantly in a microscopic region formed around
the x-line, while the topological change of the ﬁeld lines
causes large-scale plasma convection. Magnetic recon-
nection is important in modelling of fusion devices be-
cause it aﬀects the dynamical behavior of the magnetic
ﬁeld and, therefore, the performance of the plasma con-
ﬁnement. Magnetic reconnection is also universal pro-
cess in space plasma leading to explosive phenomena
such as geomagnetic substorms and solar ﬂares. The
purpose of this research is to understand the fundamen-
tal processes of magnetic reconnection and to establish
the universal model applicable to real phenomena under
complicated initial/boundary conditions. In particular,
this paper focuses on the roles of microscopic waves in
the reconnection processes.
Recent satellite observations in the geomagnetotail
have shown that the wave activities are signiﬁcantly en-
hanced in a broad range of frequency around the sepa-
ratrices of anti-parallel magnetic reconnection where the
guide-ﬁeld is negligibly small 1). The waves were rec-
ognized as lower hybrid waves, Langmuir waves, elec-
trostatic solitary waves (ESWs), and whistler waves.
In most cases, they were associated with cold electron
beams and density cavity. However, because of the lim-
ited space-time resolutions of the observations, it has
been diﬃcult to identify the generation mechanisms of
the waves and their roles in magnetic reconnection.
We have developed a new electromagnetic particle-
in-cell model with adaptive mesh reﬁnement (AMR-PIC
model) in order to achieve eﬃcient multi-scale kinetic
simulations 2). Recently we further applied an open
boundary condition to the AMR-PIC model, which en-
abled us to pursue longer-time evolution of magnetic re-
connection. Using the 2D AMR-PIC code, we have per-
formed a large-scale simulation of anti-parallel magnetic
reconnection with more realistic parameters in the geo-
magnetotail (e.g., the mass ratio mi/me = 400 and the
background density nb/n0 = 0.04) than most previous
simulations.
As a result, the simulations has successfully re-
produced the waves consistent with those observed fre-
quently in the separatrix regions of magnetic reconnec-
tion in the geomagnetotail (see upper panel of Fig. 1).
The key process generating the waves is intense paral-
lel acceleration of the electrons due to an electrostatic
potential trough formed in a localized region of the in-
ﬂow side of the separatrices. The intense electron beams
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Fig. 1: Wave activities seen in the parallel electric
ﬁeld around the reconnection region (upper panel) and
the electron distribution functions (lower panels) in each
wave active region.
trigger the electron two-stream instability and the beam-
driven whistler instability. The Buneman instability is
also excited due to moderate electron beams arising up-
stream the potential trough. The electron two-stream in-
stability generates the Langmuir waves, while the Bune-
man instability gives lower hybrid waves. Both modes
evolve the electrostatic solitary waves (ESWs) in the
nonlinear phases. The Langmuir waves trap the elec-
trons in the parallel direction and forms a ﬂat-top distri-
bution with high-energy cutoﬀ (lower left panel of Fig.
1), which is well consistent with the observations. On
the other hand, the whistler waves scatter the electrons
in the perpendicular direction, producing isotropic distri-
bution with non-thermal high-energy tail 3) (lower right
panel of Fig. 1).
The present study have focused on the non guide-
ﬁeld case. The cases with strong guide ﬁeld require fur-
ther investigations. Basically, in such conﬁgurations, the
electrons are accelerated due to the reconnection electric
ﬁeld in a one-way direction along the ﬁeld line. There-
fore, the Buneman instability is excited more easily than
the electron two-stream instability. However, the electro-
magnetic waves such as whistler waves have been poorly
understood yet for the guide-ﬁeld cases, and should be
investigated signiﬁcantly in near future.
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